Data by which we can quantify effects of soil depth upon productivity from controlled experiments are essentially lacking for semiarid regions. In connection with mined land-reclamation research in North Dakota, an experiment was established in which soil was reconstructed by building a wedge with productive subsoil (B and upper C horizon) on top of leveled sodic mine spoils derived from shale. Thickness of the subsoil wedge ranged from 0 to 210 cm. Topsoil (A horizon) was then spread over the subsoil wedge to provide a topsoil either 0, 20, or 60 cm thick. A fourth treatment consisted of mixing subsoil and topsoil within the wedge in a 3:1 ratio (no topsoil on the surface). Four crops-alfalfa (Medicago saliva L.), crested wheatgrass (Agropyron desertorum), native warm-season grasses (Souteloua gracilis and Bouteloua curtipendtda), and spring wheat (Triticum aestivum L.)-were grown each year on these plots from 1975 through 1979.
S OIL THICKNESS is RECOGNIZED as an important param-
eter in determining soil quality and productivity. Thickness of the genetic A and B horizons is an important criterion in the classification and management of natural soils, and plays a major role in determining land values.
Earlier research showed that the presence of a few centimeters of topsoil helped restore productivity to cut areas resulting from land-leveling (Carlson et al., 1961) . Likewise, some of the first research conducted on sodic mine spoils resulting from strip mining in North Dakota gave similar results (Power et al., 1975) . In recent years, legislation has been enacted in the United States requiring original soil material to be saved and replaced on mine spoils after shaping.
Even with this knowledge and current legislation, available literature generally lacks quantitative data on the effects of soil thickness upon crop production. In most regions soil thickness may influence plant rooting depth and the quantity of soil water available for plant growth, thereby affecting crop growth potentials. This relationship is especially important when the underlying material is a poor medium for plant root activity, as are sodic mine spoils (Power et al., 1975) . The research reported here was initiated to provide quantitative data on how both subsoil (B and upper C horizons) and topsoil (A horizon) thickness affect the amount of water extracted and the depth of extraction, and subsequently upon growth and yield of several crops important in semiarid agriculture.
METHODS
Over 2 ha of sodic mine spoil at the Glenharold mine near Stanton, North Dakota, was leveled to 0.5% grade in the summer of 1974, about 1 year after mining was complete. Spoils consisisted primarily of soft shale from the Tongue River member of the Fort Union geologic group and were relatively high in both exchangeable Na (Na adsorption ratio of about 25) and clay (Table 1) .
After leveling, subsoil (B and upper C horizons) was taken from an unmined Temvik silt loam (fine-silly, mixed Typic Haploborolls) and spread with motorized scrapers over the leveled spoils in a wedge that increased from 0 to 210 cm in thickness. The wedge of subsoil constructed was 52.5 m wide from toe (0 cm of subsoil) to top (210 cm of subsoil) and 240 m long giving the surface a 4% southerly slope. Thickness of subsoil increased about 4 cm from each 1 m of distance upslope.
The wedge was subdivided into 12 main plots, each 20 m wide and 52.5 m long. Three of the plot treatments consisted of covering the subsoil wedge with either 0, 20, or 60 cm of topsoil (A horizon from Temvik silt loam) uniformly from toe to top. The fourth main plot treatment consisted of thoroughly mixing subsoil and topsoil in a 3:1 ratio during construction. Each of these four main treatments was replicated three times. Properties of the subsoil and topsoil are listed in Table 1 . Approximately 20,000 m 3 of soil material was needed for construction.
Four subplots (4.2 m wide and 52.5 m long) and an alley 3.2 m wide were established within each main plot. The alleys prevented soil mixing between main plots during construction and were also shaped to control runoff water (usually from snow melt) between main plots. Subplots were seeded at recommended rates and depths to four different crops in the spring of 1975-hard red spring wheat (Triticum aestivum L.), alfalfa (Medicago saliva L.), crested wheatgrass (Agropyron desertorum), and a mixture of native warm-season grasses consisting of blue grama (Bouteloua gracilis) and side oats grama (Bouteloua curtipendula). Before seeding, 35 kg P/ha as triple superphosphate was broadcast on all subplots, and all but alfalfa subplots received 55 kg N/ha broadcast as ammonium nitrate. No K was required. Access tubes were installed to the 2-m depth 7.5 and 37.5 m from the toe of each subplot (30 and 150 cm subsoil, respectively, plus topsoil), and soil water content was determined to the 180-cm depth with a neutron probe.
At maturity, samples of wheat were harvested from 4.2-by Each sample consisted of a composite of 3 cores 2.5 cm in diameter. Depth intervals of sampling varied with topsoil treatment and with distance from toe of the wedge, but in all cases they extended at least 30 cm into the mine spoils beneath the replaced soil material. These samples were airdried and analyzed for NaHCCysoluble P, organic C, and total and inorganic N. Saturation extract was analyzed for pH, electrical conductivity, saturation percentage, and soluble Ca, Mg, and Na. The Na adsorption ratio was then calculated. Extraction and analytical methods were those suggested by Sandoval and Power (1978) for use on western mine spoils. In the spring of 1976, 1977, and 1978 , spring wheat plots were again seeded, with 12 kg P/ha banded with the seed. All plots but those in alfalfa also received 55 kg N/ha broadcast (ammonium nitrate). Soil water content was measured in early spring and at 1-to 2-month intervals during the growing season. All crops were harvested at appropriate times, using the same sampling positions and procedures described above. After harvest each fall, soil samples were collected from alfalfa plots only from 0-to 15-and 15-to 30-cm depths and at 30-cm depth intervals to 120 cm. Samples were taken at the same four slope positions indicated above and were analyzed as above.
In 1976, a July hailstorm broke off an estimated 20 to 40% of the wheat heads, invalidating yield measurements for wheat that year. In both 1977 and 1979, severe spring drought and hot weather retarded wheat growth and development so much that the crop was destroyed in June, and the plots were summer fallowed thereafter. Consequently, usable wheat yields were obtained only in 1975 and 1978.
RESULTS
Soil chemistry data are presented only for 1975, the first year of the experiment (Table 1 ). The mine spoils were high in clay and in exchangeable Na, resulting in particle dispersion and very low permeability (< 15 cm/year). The Temvik silt loam topsoil materials, which developed primarily on loess with some glacial till at lower depths, were low in Na and in total soluble salts. Some year-to-year changes in concentration of soluble ions in the saturation extract occurred, but these were not large enough to influence plant growth appreciably. There has been evidence of some upward migration of salt, but this phenomenon will be discussed more fully in later papers.
Saturated paste pH of soils and mine spoils ranged from 7.3 to 8.0. Organic C content of 1.0% or more in spoils may have resulted partially from the inclusion of some wasted lignite in the spoils. the mine spoils often contained over 30 ppm exchangeable Na and nitrate-N, and concentrations of this magnitude still occurred in some of the spoil material in 1978. The sources and transformations of the inorganic N in mine spoils were discussed in an earlier paper (Power et al., 1974) .
Monthly precipitation data are shown in Table 2 for the period of experimentation. In 1975, precipitation was near normal, particularly in June. In 1976, precipitation in all months except April was below normal, although some rains of 2 cm or more were again received in June. In both May and June of 1977. precipitation was far below normal, resulting in very poor early season growth of all crops; however, September 1977 precipitation established a record high. More normal precipitation was again received in 1978. In 1979, May and early June precipitation was low. Previous research has shown that crop yields under dryland conditions in the Northern Great Plains often depend upon May and June precipitation (Haas and Willis, 1962; Power and Alessi, 1970; Rogler and Haas, 1947) .
All crops established adequate stands with the first seeding attempt. Average annual yields of alfalfa are given in Table 3 . Two crops of alfalfa were cut in all years except 1977, when extreme drought resulted in no regrowth after the first harvest. Highest yields were obtained in 1978. Maximum average yields were about 2 metric tons/ha. Except for 1977, alfalfa yields increased as subsoil thickness increased from 10 to about 90 cm. The severe drought in 1977 resulted in wetting of no more than the upper 30 cm of soil, and thus response to increased subsoil thickness was not evident that year. However, the 4-year average yields increased with increasing subsoil thickness from 10 to at least 70 cm (differences were not always significant at P -0.05). This trend was consistent for all topsoil treatments, but the magnitude of the yields varied. Greatest yields were measured where topsoil was spread over the subsoil. In the higher precipitation years sometimes yields exceeded 3 metric tons/ha-a good yield for dryland alfalfa on almost any soil in the Northern Great Plains. Thus, these results suggest that about 70 cm of subsoil and 20 cm of topsoil over sodic materials can restore alfalfa yields to a level equal to that expected from undisturbed Temvik silt loam under good management in this county (USDA, 1978) . The 90-cm thickness of topsoil and subsoil at which this yield level occurred is almost identical to the maximum depth to the calcium carbonate layer in undisturbed Temvik silt loam (USDA, 1978) .
Alfalfa yields decreased somewhat as soil thickness increased beyond 150 cm (Table 3 ). This trend 126 SOIL SCI. SOC. AM. J., VOL. 45, 1981 was observed in almost all crops studied. Part of this difference may have resulted from greater vehicle traffic across the upper end of the wedge than through the center during construction. In many instances, plant populations for the 190-cm subsoil sampling site were poorer than further down the wedge, possibly due to more traffic. Also, since this was a south-facing slope, winter snow cover was often shallow near the top of the wedge (greatest subsoil thickness), with greatest snow cover midway down the slope. This pattern could affect soil water and temperature the next growing season.
The 4-year average crested wheatgrass yields are presented in Table 4 . As with alfalfa, crested wheatgrass yields were highest in 1978 (over 5 metric tons/ ha) and lowest in 1977. Greatest average yields exceeded 2.5 metric tons/ha, a yield level that also surpasses predicted grass yields for well-managed Temvik silt loam (USDA, 1978) . Here again, yields increased with increased subsoil thickness to about 70 cm, with slight variation due to topsoil treatment. Crested wheatgrass yields for plots in which subsoil and topsoil were mixed did not differ significantly from those where either 20 or 60 cm of topsoil was spread separately over the subsoil. As with alfalfa, a yield reduction occurred on most of the 190-cm subsoil plots.
Yield data for the native grass mixture are shown in Table 5 . Results in general followed the same trends observed for alfalfa and crested wheatgrass: (i) yields tended to increase as subsoil thickness in- creased to at least 70 cm; (ii) yields from no topsoil or mixed treatments were very low when less than 50 to 70 cm of subsoil was present; (iii) maximum yields compare favorably with those expected of unmined Temvik silt loam; (iv) yields frequently (but not always) decreased somewhat for the greatest soil thickness; and (v) yields were much larger in 1978 than in other years (yields as great as 2 metric tons/ha). Unlike the other forage crops, lowest native grass yields were obtained in 1976 instead of 1977, because of the slow rate of establishment, which is characteristic of warm-season grasses in the Northern Great Plains. Average spring wheat grain yields for 1975 and 1978 are presented in Table 6 . Maximum yields in 1978 were 25% higher than those in 1975, with highest yield of 2,600 kg/ha. The responses of spring wheat to topsoil and subsoil thickness followed the same trends as for the other crops. Yields were near maximum for all topsoil treatments, where at least 70 cm of subsoil was returned. Yields were highest where topsoil was not mixed with subsoil, were usually lower for the 190-cm subsoil treatment than immediately downslope, and equaled or exceeded yields predicted for Temvik silt loam under good management (USDA, 1978) .
The relative responses of these four crops of topsoil and subsoil thickness were calculated and are expressed as a percentage of the highest average yields measured ( Fig. 1) . To develop this figure and to reduce variability in the resulting curves, data in Tables 3-6 were used to calculate a three-sample moving average with increasing subsoil thickness. The moving average was determined from the average yield of the thickness under consideration plus yields from the immediately adjacent samples both upslope and downslope. For example, the 90-cm thickness moving average would be the mean value for the 70-, 90-, and 110-cm thickness samples. After the moving average was calculated, the largest yield obtained was given a value of 100%, and all other yields were expressed as a percent of this largest value. Best yields with no topsoil were 62, 75, 88, and 73% of the maximum for alfalfa, crested wheatgrass, native grasses, and spring wheat, respectively (Fig. 1) . Thus, relative growth on exposed subsoil was greatest for native grasses and least for alfalfa. In all instances, relative yields increased with subsoil thickness up to at least 60 to 90 cm. When less than 30 cm of soil material (topsoil plus subsoil) was present, only crested wheatgrass yielded appreciably over 50% of maximum.
Highest relative yields of most crops occurred where 20 or 60 cm of topsoil was used. Generally, the response for 20-cm topsoil was very similar to that for 60-cm topsoil, indicating little, if any, benefit from more than 20 cm of topsoil. Relative yields > 90% of maximum were obtained at some soil thickness for all crops-at 60-to 90-cm thickness for all crops but crested wheatgrass growing on 20 cm of topsoil and at 90-to 130-cm thickness for all crops when 60 cm of topsoil was returned. Relative yields in almost all instances declined somewhat when total soil thickness exceeded about 150 cm, probably because of traffic patterns and snow distribution. For the 20-cm topsoil treatment, relative yields for crested wheatgrass were usually somewhat lower than for other crops, whereas for the 60-cm topsoil treatment, the native grasses generally produced lowest relative yields.
When subsoil and topsoil were mixed in a 3:1 ratio, crop responses were variable. Relative yield of alfalfa increased as soil thickness increased to 130 cm and then decreased. Crested wheatgrass yields increased to about the 70-cm soil thickness and then remained relatively constant. Response by native grasses was similar to that of alfalfa except that yields did not decrease beyond the 130-cm thickness. Spring wheat responded similarly to crested wheatgrass, with relative yields leveling off at about the 70-cm soil thickness. However, highest relative yields for wheat were about 80% of maximum compared with over 95% for the other crops for this treatment.
Generalized conclusions to be drawn from the data in Tables 3-6 and Fig. 1 are that: 1) All crops studied respond to increased soil thickness up to a total of about 75 to 120 cm, with minor or inconsistent differences between crops. 2) Maximum yields obtained by all crops equaled or exceeded average yields for undisturbed, wellmanaged Temvik silt loam. 3) Greatest yields of all crops occurred when about 20 cm of topsoil was placed over 55 to 110 cm of subsoil, although at least 90% of maximum yield of all crops except wheat were obtained without separating topsoil and subsoil into discrete layers. 4) With no topsoil, only native grass produced yields over 75% of maximum. 5) In most instances, yields of most crops decreased when total soil thickness exceeded about 150 cm. Frequently, for dryland crop production, there is a good correlation between plant growth and water use Bond et al., 1971; Power and Alessi, 1970) . Total growing season water use for the various treatments was calculated each year, and data for 1978 are presented in Table 7 . Water used was calculated by adding growing season precipitation to the change in soil water content to 180 cm between spring seeding and harvest. There was no evidence of runoff or deep percolation during this period. Generally, subsoil thickness had little or no consistent effect upon total water use, but water use was often greater where the crop was grown on either 20 or 60 cm of topsoil. There was very little difference between crops in amount of water used. Thus, crop yields measured in 1978 were poorly related to water use. A similar conclusion can be made from data for other years also, probably because precipitation was seldom adequate to wet soil material more than 100 to 120 cm. Figure 2 depicts soil water content in the spring of 1975 and after harvest of the 1978 crop. Since these two data sets represent approximately the wettest and driest soil conditions encountered, differences between these two curves represent maximum water withdrawal.
Depth of water withdrawal by dryland crops is usually an indicator of depth of root activity (Bond et al., 1971; Haas and Willis, 1962; Power and Alessi, 1970) . Data in Fig. 2 illustrate that depth of root activity, as determined by water withdrawal depth, was usually only 15 to 30 cm greater where 150 cm or more of permeable soil material was present than where relatively impermeable mine spoils were within 30 to 90 cm of the surface. Data are presented only for the 20-cm topsoil treatment because thickness of (or even the absence of) topsoil over the permeable Bhorizon subsoil material had no appreciable influence on depth of root activity. For all crops and topsoil treatments, significant amounts of water were extracted 30 to 90 cm into the highly sodic spoils where they were covered with only 30 cm of soil material. Alfalfa generally extracted water to the greatest depth (about 135 cm for 30-cm subsoil treatments and about 175 cm for the 150-cm subsoil treatments). Crested wheatgrass was the next most effective, followed by the native grasses and spring wheat-the latter extracting water to only about the 75-and 90-cm depths for the 30-and 150-cm subsoil treatments, respectively.
It is conceivable that because of the decrease in permeability at the soil-spoil interface, there might have been a tendency for water to accumulate above this interface almost to the point of saturation. From data presented in Fig. 2 and from approximately monthly soil water profiles, there is no evidence of a buildup of soil water for any treatment at any time.
The results of this study indicate that a minimum thickness of about 90 cm of soil material is required to obtain maximum production of most crops under the conditions encountered. For production of crops such as spring wheat, topsoil and subsoil need to be segregated to obtain maximum yield. This requirement may possibly be related to a greater tendency for crusting, compaction, and related phenomena that could affect emergence and stand establishment and seedling vigor in the absence of topsoil. Unfortunately, no data are available on such factors from this experiment. Because unprotected disturbed soil material is highly erodible, and because upward salt migration may occur, possibly somewhat more than 90 cm of soil material should be used in reconstructing a soil profile to ensure that at least 90 cm of good quality soil is available several years later. It should again be emphasized that these results apply when sodic, impermeable materials underlie the soil material. Similar data from experiments on spoils less hostile to plant growth are not yet available.
